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PROPELLER “EFFICIENCY CHARTS FOR TIGHT ATRPTANES

By John L. Crigler and Robert E. Jequis

SUMMARY

C’Ehe selection of a Propeller on the basis of efficiency for
application to & light-airplene design can be accomplished by the
use of the charts presentedd The required calculations are meade
e minimum by yresenting the dimensional propseller paramsters
directly on the cherts. Valuwes of puwer of 50, 100, 150, 225, and
300 horsepower are covered for airspeeds of 50, 100, 150, and
200 miles per hour, propeller dilameters of 6, é, and 10 feet, and
blade numbers of two, four, gix, and eight over & wide renge of
propeller rotetlional speed.

The epplication of the resulis to design problems is demon-

strated by three examples: (1) the investigation of the efflciency
of & wide variety of propeilers Tor & given desism condition,
(2) the investigetion of the efficiency of a controllable-pitch
congtant-speed propeller as a functlion of airspeed, and (3) the
investigation of the efficlency of a fixed-pitch propeller as a
function of alrspeed and engine overstlon.

INIRODUCTION

The operation of light alrplenes near residential néeighborhoods
presents the problem of noiss reduction. One of the sources of =
elrplene nolse is the airplane propeller. In mahy instances the
nolse can be reduced by the proper selectlion of the airplens
propeller. The problem of the efficlency of the qulet propeller,
however, 1s also of importence. The present peper gives the
efficiency of a wide selection of airplane propellers for light
eirplenes to ald in the required compromise between efficiency and
noise reduction or any other operational or design condition.

Selection charts for propellers are presented in reference 1.
The range of low advance-dismeter ratio, however, is not coversed
in these cherts. &he Present vaper glves cherts for values of
advance-diameter ratio down to 0.314.5 The calculated efficiency
for propellers of optimum load distribution along the blede for
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& given operating condltion is presented. The advantage of using

thig efficiency 1s that 1t presents a maximum valve that cammot be
exceeded with a given propeller diemeter and blade nmumber but can

be obtalned with proper design. The methods of analysis are given
in the appendix. Comparisons of the calculated efficiencies with

experimental data on propellers show good agreement.

“The selection charis given herein present directly the
efficiencies asg a function of the propeller operating conditionsh
Investigation of & given propellsr for applicetion to a given design
condition requires nothing more then the reading of a few chapris
and interpolating between thess charts to obtain the results.

SYMBOLS
a axial-veloclty interference factor
B nwtber of propeller blades
b "chord of propeller blade element
Cs section draeg coefficient (d/qA)
cz. gection 1ift coefficient (L/qA)
Cp power coefficient (P/pn3D3)
Cq torque coefficient (Q/pn®D)
Crp thrust coefficient (T/pnabh)
b " propeller diameter
a drag of vropeller blade element for infinite aspect ratio
J advance~-diameter ratio (V/nD)
? 1ift of blade ssction '
N liropellsr rotational speed, revolutioms per minute
n propeller rotational speed, révolutions per second
P input power to propellgr '

Pe power disk-loading coefficient (P/qAV)

&

£~
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i _ D ﬂpVB
VP Ve
Q torqgue .of* propeller
q dynamic pressure of air strean
R tip radius
r radiug to any hlade selement
A disk area of propeller
T thrust of propeller
v axial velocity of propellsr - .
x redisl location of blade element (x/R)
—;-9: element torque cosfficient _@.9./ ax
ac '
T . : ar/ax
—— element thrust coefficiert .
ax - ( "'2"55)
on
f oropeller efficiency ST
v T e1i H = .
Ty ideal propeller e fa.c:}enc:r (l - a), P, = E;
. _ R .
nop't. efficlency with ovtimwm loed distribution without dreg
o) nass density of air | |
o . propeller-slement solidity (_Bb_>
2xr/
ge, . propeller-glement load coefficient
¢ engle of inclination of resultant veloci‘-:y-’co plene
of rotation ' _ : .
Subscripts:
0.7R et 0.7 redius" '
D due to dreg
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RESULTS

Propeller efficiencies for light alrplanes are presented in
terms of engine power, velocity, blade number, blade dlameter, and
propeller robatlonal speed for the use of light-alrplene manufacturers
and operetors. A wide range of propeller selection 1s presented in
order to pexrmit evaluation of the efficiencies obtained with high-
solidity low~rotatlonal-speed propellers compared with low-solidity
high-rotational~speed propellers. The charte are intended to cover
the requirements that may be needed in the study of the sound
reduction of light~sirplene propellers. The scope of the results
and & key to figures 1 to 22 are glven in table I.

Figure 1 shows the breakdown of the propeller losses for one
conditlion and will aid in interpreting the results presented in the
other figures. The value of the ideal efficiency ny4 given for

figure 1 is the value obtained from consideration of the minimum
momentum Increage in the wake., Only axial momentum and a uniform
increase in velocity over the entire disk area are considered. The
(1 - 'ﬂi)

n3

and is fixed for & given power, veloclty, and propeller dismeter.
The shaded area in the figure shows the induced losses for propellers
having optimm efficiency. The optimm efficlency "opt ie the

efficiency (without drag) for a propeller with an optimum load
dlstribution ag given by Goldsteln for the specified mumber of
blades. Thig effliciency congiders the rotational and axial momentum
of the wake and distributes the loading along the blade so that the
integrated sum of the losses is a minimum.

ideal efficlency is given by the relatiomship P, =

The propeller efficiency n glven in all the figures is obtained
by -subtracting the blade dreg from the optimm efficiency. The
magnitude of the blade dreg cen be seen to vary greatly with the
section loading. In figure 1 the low-solidity propeller is highly
loaded at low rotational speed and is very close to the stall
condition at 1250 rpm. The spproach to stall ls indicated when
the propeller efficiency n and the optimum efficiency no;p’b beglin

to diverge. <At high rotational epeed the blade sections for the
low=-solidity propeller are operating at or neear maximum lift-drag

ratio and, therefore, show the highest efficlency. The high-solidity
propeller is operating at very light loading (low value of ¢, for

the section) end, therefore, &t a very low lift-drag ratio, At 2000 rpm
the blade drag loss has increased from 8 percent for the low-solidity
propeller to 32 percent for the high-solidity propeller. »
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The values of ldeal efficiency, optimum efficiency, and
resultant propeller efficlency axe given in each of figures 1 to 22
in order to permit insight into the losses sustained for each
operating condition,

Figures 1 to 3 give efficiency es a Tuncilon of propeller
rotational speed for 6=, 8-, end 10-foot-diameter four-blade
propellers of varying soliaities (g = 0,069 to o = 0,276) for
engine power of 300 horsepower for two forward speeds. <The difference
between the calculated propeller efficlencies (drag includ.ed) for each
gsolidity end. the optimum-efficiency is due to blade drag®», The drag
varies rapldly with propsller sclidlty end propeller rot&)t-iomal speed.
In all the present calculetions the propeller rotational speed ls
limited so thet the value of =nD does not exceed 950 feet per second
(Mach mumber, 0.85). . Althotugh emall corpressibility losses may result
at this Mach muwmber, no losses were included in the calculations. ‘

In figures L to 22 the calculated efficlency ls plotted ageinst
propeller rotational speed for velocitiles of 50, 100, 150, and 200 miles
per hour et engine powers.of 50, 100, 150, 225, and 300 horsepower.

In each case the Propeller solidity is 0.03&5?3 end, therefore, the
total solidity increases proporticnally to the 'blad.e number. The
efficiencies for other total molidities and blede numbers can be
obtained from the charts by the use of figure 5. Foar optimm propellers
with geometrically similer blade sections, the principal chenge in
efficiency resulting from changing the 'bla.d.e number and holding the
solidity constent is due to 2 change in the’ optimm efficiency. In
figure 5 thé optimum efficlency 1s shown for two=-, four=-, and
eight-blade propellers. The number of blades is seen ‘co effect the
optimum efficiency - the greater the number of blades the higher the

efficiency;x) The megnitude of this change :‘Lnl “op with blade

number, however, is seen to be small end close estimates of the
efficiencies 'bo be reslized for comstant-solidity propellers with a
chenge in blads number can be made. The drag losses may vary for
congtent solidity and different blade numbers becaiise of changes

in the airfoil cheracteristics with Reynolds nwmber but, in general,
this effect is very small end 1s not considered in the ;present paper.

EXAMPIES
I = Propeller Selsctlon for One Design Condition
The cherts of the present paper show the efi‘iéiencies of &

large number of propellers that could be fitted to & glven design
condition. Example T is given to explain the use of the charis.
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The design conditions for-a.given alrplens are as followsi The
150 ~horsepower engine operates atl 2700 rpu.- The design velocity A
18 -150 miles per hour. The propeller rotational gpeed with direct
and gear drives cen be chosen as 2700, 1800, 1350, or 900 rpm.

The. following teble gives values of efficiency for some of the
propellers that could be fitted to the given airplame. All the
propellexrs for this set of design corditions are taken from
figure 1l4.

N N

(epm) | D1 B 0 4 (rpm) | D [B] %

2700 6! 2}83.5(1 1350 816 179.0

o700 | 61 4k {7i.0]{ 13% 8|8 {71.5

1800 6 2183.5{[12%0 | 102 |8.0

1800 | 61 4810|1350 | 10|k |68.0

1800 61 6(81.0 900 616 [72.0

1800 6' 8 g35 900 616 173.5

1800 81 2{87.0 900 814 185.0

1800 81 4k l77.5 S00 816 |83.5

1350 6] k{81L.0 900 - 818 18.0 .

1350 6! 6181L.0 900 02 {87.0 -
1350 61 8i77.0 SO0 014k |83.0

1350 81 2 85,5 200 016 |76.5 1 .
1.350 81 48,5 900 10 { 8.{71.5 -

. Many of these propellsrs ere close to stalling at 150 miles per hour
and at lower veloolty would stall end give very poor efficlency.

Investigation of any propeller fcr a range of veloclities is teken

up in example II for a controllsble-pitch consgtant-speed propeller

and in example 1z for the fixed-pitch propellers. .

II - Controllable-Pitch Congtent~Speed Propeller

Pigure 23 1is & crose plot of the propeller efficlency aes a
function of the forwerd velocity for a 100-horsepower engine
operating at constent speed. The curves in figure 23(a) show the
efficiencies for an 8-foot-diameter two-blade propeller end the curves
in figure 23(b) show the efficieucies for a 6-foot~diemeter six-blade
vropeller. The data for these curves were obtained from figures 16
to 19 and are very close approximations to the efficilencles that would 'y
be obtained for controllable-~pitch constant-speed propellers of the
seme dlemeter.-and solidity. In a similar menner the propeller _
efficlency for constant rotationel speed cdn be obtained from the e



A

NACA TN No. 1338 T

figures for a.ny- cambination of ongine power, propeller diemeter,
blade number, and range of forward veloclty covered in the study.

IIT - Propeller Performance for Fixed-Pitch Operation

In order to determine the variation of the performance with
alrspeed of & glven propeller for fixed-pitch operation, it is
necegeary to determine the varlstlon of the engine speed and brake
horsepower with airspesed. Since an engine operates at approximately
constent torgque the variation of engine aspeed with velocity depends
on the propeller characteristics. An example ls glven to illustrate
the procedure. .

Consider a 6~foot-dlameter. four~blede .(co R = 0.138) Tixed-~

pitch propeller designed to absorb 150 horsepower at 1800 rmm at
150 miles per hour. Calculate Cp as follows:

P
. % - on D9
enq
p])5 n2

- 150 ¢ 550
0.002378 (%9)3 (6)°

0.1655

The value ans remains constent over the speed range. Therefore

eD? _. . .
nch 0.1655 (%)

it

1ho

1l
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For the design condition

V88 G 1
W~ ° & 180 6

1.221

Use experimental or calculated date for the selected propeller,
if avellable, or use a set of curves of C, against V/nD at

various values of pitch setiing for some value of % TR of

ebout 0.138. The numbexr of blades for the test results is not
very lmportent since only the shape of the curve is required.
Plot V/nD agsinst Cp on a trensparent sheet of paper and place

1t over the curves of experimental data. Through the given point
falr in a representative curve for the variation of Cp with V/nD

for the fixed pitch in question as is done in figure 24. This curve
will epproximete the variation of the design propeller as closely as
is poasible without specific experimental tests of the propeller.

In order to calculate the performance at 100 miles per hour,
assume & value of V/nD a little higher then the ratio of alrspeeds

would give since the rotational jropeller speed 1s going to be reduced.

Thus the calculated value is given by

- 100 % 112-1-67
63 0.8

. = 28,75
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and.
C. ='—’+2—gl
P (28.75)
=o;180
_

Plot the point Cp = 0.180, = = 0.85 on the curve. It

is seen that this point falls below the curve and that a higher value
of V/uD 1is required. Try % = 0.95. Then

. __1h6.7
6 X 0.95

= 25 ;70
and
149
C, = :
P (25.7)° | :

= 0 0225

Since the point Cp = 0.225, = 0.95 falls on the curve, the

value of V/nD is correct, and

'
nD

¥ = {25.70)(60)

1540 rpm

n

The bralke hor_sepower 1ls reduced by the ratlio of -%g. or roduced
from 150 to 128 horsepower.

The efficlencies for 150 miles per hour and 150 horsepower are
read from figure 1% at 1800 rym as Nopt = 90 percent, n = 8% percent,

and AnD =6 percent. It 18 necessary to read the curves for 100 mil-es-
per hour at 100 and 150 horsepower for 1540 rpm and to estimate the
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efficlency at 128 horscpower. The efficiencies for 100 miles per
hour and 100 horsepower are read from figure 17 at 1540 rim as
Nopt = 84,5 percent, n = 80 percent, and &np = 4.5 percent.

The efficiencies for 100 miles per hour and 150 horsepower are reed
from figure 13 at 1540 rpm as 7 opt = 80 percent, n = 76.5 percent,

and A'qD = 3.5 percent. It should be noted that the propeller

efficlency for the conditicn of 150 horeepower at 1540 rpm is close
to the stall region. This stalling condition will require some care
in estimating the efficlency by this method if the propeller is
stalled at the higher engine power. An accurate determination of

the propeller efficiency near the propeller stalling condition cannot
be made wilthout specific experimental date on the propeller and
alrplane combination. The efficlency for 128 horsepover at 100 miles
per hour falls between the value of 76.5 percent for 150 horsepower
and the velue of 80 percent for 100 horgepover, probebly at about
78.5 percent. Then

Thrust horsepower = 128 x 0.78&%
= 100 -5

The procedure for other velocitles is & repetition of the
foregolng calculetion.

A Ppreskdown of the power losses as shown glves a good indicaticn
of the possibllity of obtaining a gaein in efficiency by increasing
the propeller solidity. If AnD i smell there is not much to he

gained by increasing the solidity.
APPLICATION 'TO SPECIFIC DESIGHN

The charts presented herein permit the selection of the primary
Propeller parameters -~ namely, diameter, rotational speed, blade
number, and solidity - required for a glven design comdition. A
comparison of the efficilencles for a wide variety of these parameters
shows large changes in efficlency. The large change in efficiency
demonstrates the importance of & careful selection of the primery
Propellexr paremeoters. Whenever any of the primarxy propeller
pereameters are affected by considerations of noise output, ground
clearance, and so forth, the present paper is perticularly uwseful in
determining the best compromise. - '
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The secondary parameters such as pitch distri‘bution, plan form,
thickness distribution, and alrfoll section are not directly treated
herein, An estimate of their effect can be obtained, however, by
the use of the cherts. The optirum load distri’bu’cion means that
the product of the chord and the lift coefficient (‘bcz) is a

definite value for each radius at & given design condition. Small
departures from the optimum load distribubtion do not cauge epprecisble
changes In the efficiency. Xilther the pitch distribution or the

plan form cen be asltered to obtain the optirmm load distribution.
Which alteration is made to give this loading is wnimpcrtant. When
results of tests of pitch distribution or blede plan form show large
losses in efficlency, they are caused by the chenges in the drag

loss due to stalllng of some of the sections or to operating of ecme
of the sectlions at very low lift ccefficient at which the d.rag

is large in ccmparison with ‘the lift. ' : X

Blade section and thickness distribution affect the 'blad.e drag
loss of the propeller. If this blade drag loss {tnp from the charts)

is small, only small effects can be expected. For operation at
section lift coefficients in the range of ey from 0.3 to 0.7 this

dregs loss is small for normel airfoll-sections operating below
critlical Mach numbers. If the element 1lift coeffilclents a:re outsilde

this range, the drag losses beccme importent.

Once the primary paremeters are selected the next ste:p 1s the
physical design of the propeller, which consists of designing the
pitch distridution and blade~-chord distribution to obtain the proper
distribution of loading along the radius. One method of designing a
propeller to give the optimm distribublon of loading for any
operating condition is outlined in reference 2,

langley Memorial Aeronautical Iaboratory
Natlonal Advisory Committee for Aeronautlce
Langley Field, Ve, quly 2, 19kt
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APPENDIY.
- CONSTRUCTION OF CHARTS, METHOLS AND ASSUMPTIONS

The propeller-performanceé curves given horeoin wore obtained for
most of ‘the range by the method given in reference 1. In relerence 1
chaerts are vresented glving the maximmm possivle propeller efficiencies
without drag for a wlde range of operating condition. The charts
vere prepared for the optimm distribution of loading alomg the
.blade as given by Goldstein for light loadings., The effect of drag
was added to the induced loss to obtain the propeller efflciencles
given herein. Comparison of exvorimental data on propellers in
current use with data obtained by the piresentmethod of analysis
shows good agreement over the normal range of.operation. For light
blede loadings (o, below 0.15) and heavy blade loadings

OUTR . "
c above 0.8),element calculations by the methods glven in
Yo.7R

reference 3 were used.

In the present paper, performance charts similar to those in
‘reference 1 are given for values of V/nD down to 0.31k (x/10).
These charts are presented in figure 25 for two-, four~, six-, and
elght-blade propellers. The ordinates give values of the optimum
efficlency Tor propellors without drag and the sebmcigsas represent

3 .
velues of —= = I)MEEE;. Against these scales, curves of conctant
VZe & | :
element load coefficient (Gcl)o - are crossed by curves of comstant

V/nD. These charts, thus, not only give the optimum propeller
effliciency with dreg heglected bub, with operating V/nD and
3 —3 y W TR _
Vi D -—%E—-known, give the required blade loading (solidity
c : : _

times the 1ift coefficiént at the 0.7 radius).

The effect of blade profile drag on the propeller efficiency
is also glven in charts. The followlng formulas, taken from reference 1,
give the effect of drag on the thrust and torgue coefficients for
zexro loading:

dac

=T - ooy B VE 4 ()2 (1)
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and

ac _
de' =’gcg “25'3 \’J2 + (:n'x)2 (2)

These formulas, modified to inciudé induced velocities end to epply
for any loading, are

dCrp oy J° l+ a)® o :
-63;—="0’Gd_-)_—l_- sin¢_ o (3)
aC. 2 .2 a2 '
—dz—cg—-= Uca. E—E— J.—(;:_i_a)_. cog ¢ (l‘_)
8 sin2¢

The results of the Integrated thrust and the integrated power coef-
Ticients due to drag calculated by the zero-loading formulas and the
formmlas inciuding the induced veloclities were comparecd for several
blade loadings and each blade nimber. The results for the four-blade
propeller with (°'°1 0R = C.09 and optimum load distribution along

the blade are shown in fipure 26, Ths djfference in the thrust end
power ccefficients due to drag snd the resultant sfflclency computed
by the two sets of formulas were small and therefore the drag losses
were compubed for only one loading for esach blade number and these
coefficlents were applied to all values of (OCZ)O.TR' The values

of (UCZ)O.TR for which drag losses were compubed were (ccz) 0.7R = 0.04
for the two-blade propellers, (o‘cz) 0. 7R = 0.09 for ths four-blade
propellers, (ccz)o 7R = 0,14 for the six-blade propellsrs , and

= e 8 3 - -
(601)0.73 0.10 for the sight-blade propellers _

The distribution of ¢ a along the btlade was determined by use

of the thickness distribution and plan form of a conventional propeller
operating at the blade loadingz for optimmm distribution. The distri-
bution of cz used was the same as that on the propeller of reference 1.

The change in profile-drag cocefficlents is very small for a wide range
of 1ift coefficlent so that average vealues were used in the calcu-
latlons, Because the profile drag incresses rapldly near the stalling
angle, 1t was necessery to meke element calculations to obtain the
propeller performance for heavily loaded blades.
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TABIE I

INDEX TO FIGURES 1 T0 22

Engine
Figure | power] V D B ¢ per blade
(bp) | (mph)
1 300 | 200 8 L §0.0172, 0.0345, 0.0517, 0.069
2 300 | 100 | 6,8,10 L |0.0172, 0.0345, 0.05L7, 0.069
3 300 | 200 | 6,8,10 4  10.0172, 0.03%5, 0.0517, 0.069
L 300 5 | 6,8,10}2,4,6,8 0.0345
5 300 w00 | 6,8,10}2,4,5,8 0.0345
6 300 150 | 6,8,10]2,4,6,8 0.03k5
g 300 | 200 | 6,8,10}2,4,6,8 0.0345
225 5 } 6,8,102,4,6,8 0.0345
9 225 00 | 6,8,1012,4,6,8 0.0345
10 225 | 150 | 6,8,10 ) 2,4,6,8 0.0345
11 e25 | 200 { 6,8,1012,4,6,8 00345
12 150 5 | 6,8,10|2,4,6,8 0.0345
13 150 100 | 6,8,10]2,4,6,8 0.0345
1k 150 | 1%0 | 6,8,10}2,4,6,8 0.03k45
15 150 | 200 | 6,8,10|2,4,6,8 0.0345
16 100 5 | 6,8,10|2,4,6,8 0.0345
T 100 100 | 6,8,10}2,4,6,8 0.0345
1 100 | 150 | 6,8,102,4,6,8 0.0345
19 100 200 | 6,8,10}2,4,6,8 0.0345
20 50 50 | 6,8,1012,4,6,8 0.03h45
21 50 | 100 | 6,8,102,4,6,8 0.0345
22 5 | 150 | 6,8,10 | 2,4,6,8 0.0345
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Figure 2.~ Propeller efficiency. V = 100 miles per hour; P = 300 horsepower; B = 4.
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Fig. 3
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Figure 3.~ Propeller efficiency. V = 200 miles per hour; P = 300 horsepower; B = 4.
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